We studied the properties of a cold (ϳ100 mK) and dense (ϳ10 8 10 cm 23 ) atomic Rydberg Cs gas, and found that the observed widths and shapes of resonances in population transfers cannot be explained in the framework of a usual gas model. We propose a "frozen Rydberg gas" model, where the interplay between two-body and many-body phenomena affects in an unexpected way the width and the shape of spectral lines. [S0031-9007(97) [4] , and in particular a strong excitation exchange effect. Usually one expands the physical characteristics of a gas in the power series in density that corresponds to one-, two-, three-, etc., body phenomena. The excitation exchange is governed by the two-body interactions, whereas the many-body effects in sparse systems are usually considered as small. But does such a gas at low temperature and density remain a sparse system? In this Letter we show that the situation may change completely for an ensemble of ultracold atoms when the typical collision time considerably exceeds the time corresponding to the inverse of typical interaction energy between two neighboring atoms. In this regime the many-body phenomena play an equally important role. Observation of such phenomena becomes possible due to the recent development of a laser cooling technique, which brings new tools for atomic and molecular physics.
Many-Body Effects in a Frozen Rydberg Gas
We studied the properties of a cold (ϳ100 mK) and dense (ϳ10 8 10 cm 23 ) atomic Rydberg Cs gas, and found that the observed widths and shapes of resonances in population transfers cannot be explained in the framework of a usual gas model. We propose a "frozen Rydberg gas" model, where the interplay between two-body and many-body phenomena affects in an unexpected way the width and the shape of spectral lines. [S0031-9007(97)04903-X] PACS numbers: 32.80.Rm, 32.80.Pj, 34.60. + z Recent demonstrations of Bose-Einstein condensation have pointed out the role of collisional processes in the evaporative cooling method [1] [2] [3] . Relatively dense cold atomic samples have revealed, in turn, a rich variety of new phenomena in atomic collision [4] , and in particular a strong excitation exchange effect. Usually one expands the physical characteristics of a gas in the power series in density that corresponds to one-, two-, three-, etc., body phenomena. The excitation exchange is governed by the two-body interactions, whereas the many-body effects in sparse systems are usually considered as small. But does such a gas at low temperature and density remain a sparse system? In this Letter we show that the situation may change completely for an ensemble of ultracold atoms when the typical collision time considerably exceeds the time corresponding to the inverse of typical interaction energy between two neighboring atoms. In this regime the many-body phenomena play an equally important role. Observation of such phenomena becomes possible due to the recent development of a laser cooling technique, which brings new tools for atomic and molecular physics.
We report the first results of experiments performed with cold cesium atoms in Rydberg states along with a theoretical model and show how the interplay between two-body and many-body processes affects, in an unexpected way, the width and the shape of the resonances in the population transfer induced by the energy exchange. The fact that the excited Cs atoms obtained by pulsed laser irradiation are slow and are excited to high Rydberg states plays the crucial role: the large size, the large dipole moment, and the long lifetime of the Rydberg atoms allow one to reach experimental conditions where many-body phenomena become important.
The atomic sample contains N d ϳ 10 8 10 10 highly excited Cs atoms per cm 3 at a temperature T ϳ 100 mK in a chosen Rydberg p-state with the principal quantum number n 20 30. The typical displacement DR yt ϳ 10 300 nm of atoms moving at an average velocity y ϳ 10 cm͞s during the experiment time of t ϳ 0.1 3 ms is much less than the average distance R ϳ ͑3͞4pN d ͒ 1͞3 5 20 mm between neighboring atoms. It is of the same order of magnitude as the size of the Rydberg orbits R 0 Ӎ 4n 2 a.u. ϳ 80 nm (for n ϳ 20), whereas the nuclear de Broglie wavelength is about l dB ϳ 30 nm. It means that one can ignore completely the motion of atoms and consider the atomic ensemble as a "frozen Rydberg gas" [5] .
We trace the number of atoms in s states created in the energy exchange process [7] Cs
when one of the atoms ͑A͒ makes a downward transition from the Rydberg state jnp 3͞2 ͘ to a lower Rydberg state jns 1͞2 ͘, whereas the other atom (B) makes an upward transition jnp 3͞2 ͘ ! j͑n 1 1͒s 1͞2 ͘. For each of the atoms it corresponds to an allowed dipole transition, and hence the typical interaction V AB m A m B ͞R 3 AB depends on the matrix elements m A and m B of the dipole moment and the distance R AB between the atoms. The reaction of Eq. (1) is tuned into resonance by a Stark shift of the p 3͞2 state in the static electric field E , as is shown in the level scheme in Fig. 1(a) . Aside from the creation of ss 0 couple, that is, two s states in Eq. (1), the processes of excitation exchange with other atoms (C, D, etc.)
1 Cs B ͓np 3͞2 ͔ are also possible. They are always resonant and have the same order of magnitude as the process in Eq. (1) but do not create new ss 0 couples. They allow for the migration of s states over the "frozen" atoms. We therefore have to consider a novel quantum system of Rydberg atoms at rest, which evolves in the course of the energy exchange processes Eqs. (1) and (2) . One can say in the spirit of the concept of quasiparticles that the ss 0 couples are created and that each of the s states independently moves over a media of a frozen Rydberg gas. This system resembles an amorphous glass, where the centers are randomly distributed over the sample.
The basic scheme of the experiment is as follows. The cold Cs atoms are produced in a vapor-loaded MOT cell [8] 
beams (4 mW͞cm
2 ), at the zero magnetic field point of anti-Helmholtz coils device. The residual pressure is 2 3 10 29 Torr. The cooling laser beams are split from a single mode laser beam (SDL 5412-H1, 100 mW, l ϳ 852 nm) injection locked to a master diode laser. The master laser (SDL 5412-H1, 100 mW) is stabilized by optical feedback from an extended grating-ended cavity. Long-term stabilization is ensured by locking the laser frequency to a saturated absorption line in a cesium vapor cell. The laser frequency is tuned about 1.5 natural linewidths below the 6 2 S 1͞2 ͑F 4͒ ! 6 2 P 3͞2 ͑F 0 5͒ transition. A repumping laser beam (SDL 5712-H1, 100 mW) tuned to the 6 2 S 1͞2 ͑F 3͒ ! 6 2 P 3͞2 ͑F 0 4͒ transition is superimposed on two of the cooling laser beams. Under these conditions, the FWHM dimension of the cold sample is in the range of 600 1000 mm, and the number of atoms in the trap is between 1 3 10 7 and 5 3 10 7 , leading thus to a density of up to 10 11 cm 23 .
At the trap position, a static electric field E 30 100 V͞cm and a pulsed high voltage field can be applied by means of a pair of electric field grids spaced by 15 mm. The 6P 3͞2 atoms are excited in the presence of static field by a pulsed ͑7 ns, ,1 mJ͒ dye laser running at 10 Hz repetition rate, which is pumped by the third harmonic of a Nd-YAG laser and tuned to the transition 6P 3͞2 ! np 3͞2 
In Fig. 2 we show typical resonance lines for the transition of Eq. (1). One sees that the linewidth and the line shape changes with the density of Rydberg atoms. Indeed, in Fig. 2(a) the density: At the highest densities the resonance is split in two peaks and at intermediate densities small side bands around the resonance peak can be seen. This result is totally different from the case of two-body resonant collisions in a dilute gas for the regime with mean free time exceeding the time of observation, where the linewidth and the line shape do not depend on the atomic density N d and the peak maximum grows as N 2 d . Hence, the observed density dependence of the lines is a signature of manybody effects.
There is another interesting feature: one may expect the linewidth to be of the order of typical size of the interaction V m A m B R 23 , where R n 21͞3 is the mean distance between neighboring Rydberg atoms. However, the observed lines are much larger. In Fig. 2(d) one sees that at the density N d 10 10 cm 23 the observed linewidth d ϳ 200 MHz while the mean interaction V 1.5 MHz is 2 orders of magnitude smaller. One could assume that such broad lines result from the rare fluctuations corresponding to pairs of atoms at small separations
shows that such pairs represent at most 1% of the ensemble. Although this assumption may give the correct linewidth, it will explain neither the observed ionic yield ϳ10% nor the transformation of the line shape. Analysis of other phenomena, such as the inhomogeneity of the electric or magnetic fields, the presence of photoions [9] , and black body radiation, shows that they do not give any line broadening effects larger than 20 MHz, and no significant population transfer due to the Dicke superradiance has been detected [10] . We thus have encountered a novel situation where the line shapes of the frozen Rydberg gas depend on the density, while the linewidth is much larger than that suggested by the mean distance. Note that this situation is not typical of just our particular system, since similar phenomena have been observed for rubidium atoms by Anderson et al. [11] .
The interpretation of the results relies on the following model. We assume that the observed broad lines indeed appear due to a relatively small number of pairs of close atoms that perform the rapid excitation exchange of Eq. (1). However, each pair is an open system embedded in a larger system of other Rydberg atoms [see Fig. 1(b) ], and the slow processes in Eq. (2) allow for the diffusion of ss 0 couple out of the closely spaced pair of atoms. Each of these pairs may therefore undergo the reaction several times. The process has some analogy to autocatalitic processes in chemistry: the fluctuations are responsible for the ignition of the reaction and the diffusion evacuates the reaction products. Although the diffusion is a slow process in comparison to the interaction between the atoms of the pair, its contribution to the evolution of system is crucial since it acts as a "bottle neck" for the evacuation of s states out of the pairs, thus affecting the width and the line shape of the resonance energy exchange, Eq. (1).
A consistent description of the open system can rely neither on the Schrödinger equation nor on the standard density matrix approach with exponential relaxation, since the diffusive evacuation is nonexponential: the probability p͑t͒ for the ss 0 couple to remain at the pair of close atoms after time t in the course of a d-dimensional diffusion has a power-law character p͑t͒ ϳ ͑Dt͒ 2d͞2 , with the diffusion coefficient D dependent on the density of Rydberg atoms. However, one still can assume the Markovian character of the process and separate the problem into two parts, first, by considering the unitary evolution of a single ss 0 couple and finding the probability of the elementary act of its creation followed by the diffusive evacuation, and, second, by describing the result of multiple repetition of this elementary act which yields many ss 0 couples. The level scheme in Fig. 1(c) illustrates the elementary act. The energy exchange in the pair of atoms A 1 B leads to an interaction of the initial state jnp, np͘ with the state jns, ͑n 1 1͒s͘, whereas the diffusion of ss 0 couple is described as a transition to a band. As the only essential variable which describes the diffusion, we take the probability amplitude G͑t 2 t 1 ͒ ͓ p͑t 2 t 1 ͔͒ 1͞2 D 2 ͓D͑t 2 t 1 ͔͒ 2d͞4 for the ss 0 couple to return at the pair at time t, after it has left this pair at the time t 1 [12] . The corresponding Schrödinger equations reads
where c pp and c ss 0 are the amplitudes of states jnp, np͘ and jns, ͑n 1 1͒s͘, respectively, and D is E -field controlled detuning between these states. Equation (3) can be solved by the standard Fourier-transform method, which yields the probability r͑t, D͒ jc pp ͑t, D͒j 2 for atoms A and B to remain at their initial states after the time t.
At the next step one finds from the probability r͑t, D͒ the number of elementary acts N͑t, D͒ that took place during the time t. Indeed, the probability to have no s states up to the time t, given by r͑t͒, does not contribute to the total yield N͑t, D͒. The probability 2 ᠨ r͑t 1 ͒dt 1 to create one ss 0 couple at time t 1 during the time interval dt 1 multiplied by the probability to have no ss 0 couples generated later on gives after the integration over dt 1 the probability P 1 ͑t͒ 2 R dt 1 ᠨ r͑t 1 ͒r͑t 2 t 1 ͒ to have at time t only one ss 0 couple. Analogous expressions, P k ͑t͒ ͑21͒ 
where delicate question which seems to be an interesting physical problem by itself. On the one hand, it is not evident a priori that this diffusion is three-dimensional since for the long-range interaction ϳ1͞R 3 the close and the far neighbors are equally important [12] . On the other hand, for a random atomic distribution the sets of closest atoms may be arranged along random complex-shaped curves or surfaces in 3 2 D space, given the diffusion occurs among the closest atoms. In the more general situation the dimensionality of these manifolds may even be fractal. To be specific, in this Letter we have chosen d 4. Thereby the 2 3 2 2 D diffusion is assumed, which implies that each of the two s states created in the elementary act of Eq. (1) moves independently over a 2 2 D manifold. There is an excuse for such a random choice: the results are qualitatively similar for other d. In Fig. 3 , we show the profiles calculated for different densities of Rydberg atoms for R AB 0.9 mm. One sees the variation of the linewidth with the density, which agrees with the experiment. Moreover, at high densities the calculated spectra show features similar to the experimental ones. We conclude by summarizing the main results. Coherent evolution of a mesoscopic system of 10 3 10 6 cold Rydberg atoms does not conform to the usual gas model. Peculiarities of the energy exchange in such a system find their explanation in the framework of a frozen gas model, where rare fluctuations of the interatomic distances are responsible for the linewidth, whereas a weak many-body effect of the diffusion of quantum states governs the line shape. Future experiments should check directly the role of the diffusion process and trace the crossover from the collisional regime to the frozen gas regime. Demonstration of such phenomena would be of great importance for the spectroscopy of ultracold plasmas, metrology, and trapping experiments [13] . One can also note that similar regimes could be of importance in other Rydberg systems, as ZEKE spectroscopy [14] , for instance.
